Introduction
In the thyroid gland, thyroid enlargement due to nontoxic goiters or diuse goiters of Graves's disease is often characterized by follicular cell hyperplasia and extensive hypervascularity with abnormally enlarged blood vessels (Wilson and Foster, 1989) . Moreover, experimental increase of the circulating thyroid stimulating hormone (TSH) by dietary-induced iodide de®ciency and/or anti-thyroid drugs determines thyroid cell hyperplasia and marked hypervascularization likely to compensate iodide de®ciency (Wollman et al., 1978; Wynford-Thomas et al., 1982; Smeds and Wollman, 1983) .
Previous studies have shown that [ 3 H]thymidine labeling is observed in thyroid capillaries, veins, arteries and lymphatic vessels within a few days of propylthiouracil (PTU) administration (Smeds and Wollman, 1983) ; however, the most prominent eects observed are enlargement and fusion of interfollicular vessels which result in increased blood¯ow rate and enhanced vascular permeability (Wollman et al., 1978) .
A paracrine mediator produced by thyrocytes in response to the increased blood levels of TSH aecting the growth and/or permeability of endothelial cells (EC) was postulated by Dumont and co-workers (1992) . The recent identi®cation of the EC mitogens vascular endothelial growth factor (VEGF) and placenta growth factor (PlGF) in normal adult human (Sato et al., 1995; Viglietto et al., 1995) and mouse (DiPalma et al., 1996) thyroid suggests that these growth factors may be potentially involved in the remodeling of thyroid vasculature during goiter development.
VEGF is a 43 ± 46 kDa secreted, dimeric Nglycoprotein that is chemoattractant and mitogenic for EC in vitro (Ferrara and Henzel, 1989; Keck et al., 1989) , elicits in vivo angiogenesis and increases the permeability of the vascular endothelium . PlGF is a secreted, dimeric glycoprotein of 46 ± 50 kDa, highly similar to VEGF, shown to be chemotactic and mitogenic for EC in vitro (Maglione et al., 1991; Hauser and Weich, 1993; Sawano et al., 1996) and angiogenic in vivo (Ziche et al., 1997) . Heterodimers between VEGF and PlGF have also been isolated from the conditioned medium collected from several human and rat tumor cell lines (DiSalvo et al., 1995; Cao et al., 1996) .
VEGF homodimers bind to and induce autophosphorylation of both the high anity Flt-1 (k d , 16 pM) and Flk-1/KDR (k d , 410 pM) (Shibuya et al., 1990; Terman et al., 1991; De Vries et al., 1992) tyrosine kinase receptors; conversely, PlGF homodimers bind only to the Flt-1 receptor (k d , 160 pM) (Kendall et al., 1994; Terman et al., 1994; Cao et al., 1996; Sawano et al., 1996) . Puri®ed heterodimeric VEGF/PlGF has been shown to bind to the Flk-1/KDR receptor (Cao et al., 1996) .
To investigate the potential role of PlGF and VEGF in human goiters, we studied the mRNA expression of these angiogenic factors in a small panel of thyroid goiters resected from patients with Graves's disease. Furthermore, to elucidate the molecular mechanisms underlying vascular remodeling during thyroid goitrogenesis, we investigated the expression of PlGF, VEGF and their receptors, Flt-1 and Flk-1/KDR, in an animal model of thyroid goitrogenesis and in vitro cultured thyroid cells.
The ®ndings reported in this study indicated that, in addition to VEGF (Sato et al., 1995) , PlGF may play a pivotal role during thyroid hormone-dependent angiogenesis, likely through a paracrine mechanism.
Results

Analysis of PlGF and VEGF mRNA expression in human thyroid goiters
The role of soluble angiogenic factors in the development of thyroid goiters was analysed in 7 goiters from patients with Graves's disease for PlGF, VEGF, Flt-1 and Flk-1/KDR expression by Northern blot hybridization. The results are reported in Figure 1 . The normal thyroid tissue expressed low levels of PlGF and VEGF transcripts of 1.8 and 3.7 Kb, respectively ( Figure 1 , lane 1 in the ®rst and second panels, respectively), and almost undetectable levels of Flt-1 and Flk-1/KDR mRNAs ( Figure 1 , lane 1 in the third and fourth panels, respectively). Conversely, we observed steady-state mRNA level, as measured by densitometry, of PlGF (2 ± 6-fold) in 6/7 goiters, of VEGF (1.6 ± 4-fold) in 5/7 goiters, of Flt-1 (1.7 ± 4-fold) and of Flk-1/KDR (1.6 ± 2.6-fold) in 4/7 goiters. These ®ndings suggest that a simultaneous overexpression of PlGF and VEGF and their receptors occurs in human thyroid goiters.
Eect of PTU treatment on PlGF, VEGF, Flt-1 and Flk-1/KDR mRNA expression in rat thyroid gland In Graves's disease, normal thyroid regulatory mechanisms are overridden by the stimulatory action of abnormal auto-immunoglobulins (TSAb), which results in hyperfunction of the thyroid and mimics TSH action (Wilson and Foster, 1989) . Therefore, to investigate the role of PlGF and VEGF in the vascular remodeling that accompanies thyroid goiter development, we used PTU-fed rats as an in vivo model, since such an experimental model has been successfully used in a number of thyroid goitrogenesis studies, including vascular remodeling (Wollman et al., 1978; WynfordThomas et al., 1982; Smeds and Wollman, 1983; Rognoni et al., 1984; Dumont et al., 1992; Sato et al., 1995) .
In PTU-fed rats the TSH serum level increased signi®cantly (day 0, 0.70+0.12 ng/ml; day 3, 2.60+ 0.21 ng/ml; day 8, 5.2+0.15 ng/ml; day 16, 5.6+ 0.11 ng/ml), accompanied by a marked enlargement and weight increase of the thyroid glands (day 0, 16.7+1.8 mg; day 3, 20.4+3.1 mg; day 8, 29.2+ 4.7 mg; day 16, 48.2+3.6 mg), and a marked reduction in the level of thyroid hormones T 3 (from 0.7 ng/ml at day 0 to 0.2 ng/ml at day 16) and T 4 (from 5.1 mg/dl at day 0 to 1.1 mg/dl at day 16). Figure 2 is a representative hematoxylin-eosin staining of thyroid sections, showing the vascular bed of the thyroid gland from rats fed with PTU for 16 days. The marked proliferation and enlargement of thyroid vessels evident from day 3 (Figure 2b ) became more pronounced at day 8 ( Figure 2c ) and day 16 (Figure 2d ). These results are in agreement with previous studies that have demonstrated that thyroid EC growth mainly occurs at days 3 ± 8 of PTU treatment (Wynford-Thomas et al., 1982; Smeds and Wollman, 1983) .
Thyroid glands of control rats expressed low levels of PlGF and VEGF (Figure 3 , lane 1) mRNAs. PlGF mRNA expression started to increase at day 3 of PTU treatment with a peak at day 8 and remained elevated until day 16 ( Figure 3 , lanes 2 ± 4). Compared to untreated control rats, the mRNA expression of VEGF was increased by day 8 of PTU treatment ( Figure 3 , lanes 2 ± 4). However, the steady-state level of VEGF mRNA was gradually reduced at day 16 despite the high levels of serum TSH (see legend to Figure 3 ). The kinetics of VEGF and PlGF upregulation induced by increased levels of TSH in PTU-fed rats overlapped the timing of EC proliferation. These results may indicate that both VEGF and PlGF play a key role in the vascular remodeling occurring during thyroid goitrogenesis. We also determined the mRNA expression of Flt-1 and Flk-1/KDR receptors in the thyroid glands of PTU-fed and control rats. The steady-state levels of both Flt-1 and Flk-1/KDR (Figure 3 ) transcripts were increased at day 8 of PTU-stimulation and gradually decreased by day 16, though remaining higher than untreated thyroid. The enhanced mRNA expression of VEGF and PlGF receptors may re¯ect a marked increase in the number of vessels of PTU-stimulated thyroid glands or a positive regulation of Flt-1 and Flk-1/KDR mRNAs in EC indirectly exerted by TSH or, more likely, both. We therefore performed immunohistochemical staining of blood vessels in thyroids from normal, from PTUfed and from PTU-fed and subsequent iodide refed rats with anti-Flt-1 and anti-Flk-1/KDR IgGs. Figure 4 shows a representative experiment. Flt-1 and Flk-1/ KDR receptors are expressed at low levels in the vessels of untreated rats (Figure 4a and b, respectively). Moreover, staining is not homogeneous since several capillaries do not show positive reaction. In the hypervascular thyroids of PTU-treated rats, not only staining for Flt-1 and Flk-1/KDR appeared much more intense but most of the vessels stained positive for both antibodies at 8 days ( Figure 4c and d, respectively) and 16 days of PTU treatment ( Figure 4e and f, respectively). Staining with anti-Flt-1 and antiFlk-1/KDR IgGs was essentially restricted to EC although sometimes staining for both receptors was detected in thyrocytes. Control reactions, performed for each experiment by omitting the primary antibodies, showed no staining (data not shown). These results strongly suggest that increase in the TSH level determines, most likely as an indirect consequence, an increased amount of mRNA and proteins encoding the Flt-1 and Flk-1/KDR receptors in the EC of stimulated thyroid.
Mitogenic response of cultured endothelial HUVE cells to the conditioned medium collected from TSHstimulated PC Cl 3 thyrocytes A paracrine communication involving growth of blood vessels has been shown to play an important role during follicle maturation in the ovary and in the endometrium (Shweiki et al., 1996) . Furthermore, previous work by Goodman and Rone (1987) incorporation in EC in response to the conditioned medium collected from TSH-treated thyrocytes (CM-TSH), and determined the growth rate of EC after stimulation with CM-TSH. In this set of experiments we used the rat thyroid TSH-dependent PC Cl 3 cell line (Fusco et al., 1987) and HUVE cells.
Usually, HUVE cells are grown in DMEM supplemented with 20% FCS and endothelial cell growth supplement (ECGS); however, when seeded in DMEM supplemented with 10% FCS without ECGS, HUVE cells arrest their growth (Figure 5a and b). We found, in a [ Figure  6b . After stimulation with 50% CM-TSH, the number of HUVE cells almost doubled after 4 days' treatment as compared to cells treated with 50% CM. The eect exerted by CM-TSH on the growth rate of HUVE cells was dose-dependent, since addition of 25% of CM-TSH to the culture medium induced an increase in the cell number of 162% (data not shown). These results demonstrate that cultured rat thyrocytes synthetize and secrete endothelial growth factors in response to TSH stimulation, thus con®rming the existence of a TSHdependent paracrine communication between thyroid epithelial cells and EC.
To demonstrate that among the plethora of angiogenic growth factors, PlGF could be involved in the TSH-dependent angiogenic response of the thyroid gland, we ®rst determined whether PlGF and VEGF proteins were present in CM-TSH but not in CM. Since the role of VEGF but not that of PlGF in the TSH-dependent vascularization of the thyroid gland has already been investigated (Sato et al., 1995) , we subsequently investigated whether anti-PlGF antibodies could abrogate the endothelial mitogenic activity shown by CM-TSH.
Western blot experiments demonstrated that increased levels (threefold) of PlGF protein were detected in the CM-TSH compared to the CM. In fact, anti-PlGF IgGs detected a 26 ± 28 kDa protein corresponding to rat PlGF monomer in CM-TSH but not in CM collected from untreated cells (Figure 6a ). In addition, immunoprecipitation experiments performed with anti-VEGF antibodies demonstrated increased levels of two VEGF isoforms (approximately 21 and 25 kDa, likely corresponding to VEGF 120 and VEGF 164 , respectively) in CM-TSH compared to CM ( Figure 6b ); no signal was detected when preimmune rabbit antibodies in the immunoprecipitation assay were used (data not shown).
[ Flk-1/KDR mRNAs to 18S RNA in PTU-fed rats compared to control rats (1 at day 0) was 1.8, 6.4 and 4.1-fold for PlGF; 1.6, 4.1 and 1.9-fold for VEGF; 1.7, 3.4 and 2.7-fold for Flt-1; 1.5, 3 and 1.8-fold for Flk-1/KDR, on day 3, 8 and 16, respectively eect on the endothelial mitogenic activity of CM-TSH (data not shown).
Eects of TSH on VEGF and PlGF mRNA expression in rat cultured thyrocytes
To investigate the molecular mechanisms underlying TSH regulation of VEGF and PlGF mRNA expression, we used the rat thyroid cell line PC Cl 3 as an in vitro model. Cells were treated for 3 h with 0.01, 0.1 and 1 mU/ml of TSH. Figure 7b shows that both PlGF (Figure 7b , upper panel) and VEGF (Figure 7b , middle panel) transcripts were induced by TSH treatment in a dose-dependent manner. The time-course of TSH induction (1 mU/ml) of VEGF and PlGF appeared to be very dierent (Figure 7a ). The increase in VEGF mRNA levels occurred very early (Figure 7a , middle panel), with a peak after 30 ± 60 min, whereas PlGF transcript levels started to increase slowly and peaked at 3 ± 6 h from the beginning of the treatment ( Figure  7a , upper panel), suggesting that dierent molecular mechanisms may regulate the mRNA expression of VEGF and PlGF. TSH modulates thyroid functions by binding to the high anity receptor (TSHR) on the thyrocyte surface; receptor activation triggers the cAMP-dependent protein kinase pathway (PKA) (Rognoni et al., 1984; Yun et al., 1986; Van Sande et al., 1975) . In agreement with the results obtained with TSH, the mRNA expression of VEGF and PlGF was increased in thyroid cells also by treatment with forskolin, at a concentration of 25 mM (data not shown). Since Figure 4 Analysis of the expression of the KDR and Flt-1 receptors by immunostaining in the thyroid gland of normal and PTUtreated rats. Paran sections from normal thyroid tissue were analysed using anti-Flt-1 (a, c, e) and anti-Flk-1/KDR (b, d, f) antibodies. Magni®cation was 4006. (a) In normal thyroid tissue, some vessels showed staining for Flt-1 antibodies. However, staining was heterogeneous and some adjacent small vessels did not stain with anti-Flt-1 antibody. (b) In normal thyroid tissue, weak staining for Flk-1/KDR was detected in some interfollicular blood vessels. Eight days after PTU treatment, most of the vessels in the stimulated thyroid gland stained consistently either with anti-Flt-1 (c) or anti-Flk-1/KDR (d) antibodies. Sixteen days after treatment, staining was further increased either with anti-Flt-1 (e) or anti-KDR (f) antibodies.
forskolin activates the cAMP-dependent protein kinase pathway by elevating the intracellular levels of cAMP, the ®nding that cultured thyrocytes upregulate the mRNA expression of VEGF and PlGF in response to forskolin, in a time and dose-dependent manner, suggest that TSH stimulation of VEGF and PlGF gene expression may occur through the activation of the protein kinase A-dependent pathway.
Eects of RNA and protein synthesis inhibitors on VEGF and PlGF mRNA To study further the molecular mechanisms of VEGF and PlGF mRNA upregulation by TSH, we measured the eects of the 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB) RNA polymerase inhibitor (25 mg/ ml) on the transcription of VEGF and PlGF mRNAs exerted by TSH (Figure 8 ). In the presence of DRB, the TSH-induced increase in the steady-state levels of either PlGF (Figure 8a, upper panel) or VEGF ( Figure  8a , middle panel) was almost completely abrogated, suggesting that TSH stimulation of VEGF and PlGF may occur at the transcriptional level.
The rapid increase of VEGF mRNA induced by TSH and its subsequent decline in thyrocytes suggest a rapid turnover of VEGF mRNA, similar to that of early genes such as c-fos. Conversely, the delayed increase in PlGF mRNA induced by TSH in thyroid cells and subsequent slower mRNA turnover suggest a higher stability of PlGF mRNA compared to VEGF. Dierent mechanisms may be responsible for the regulation of the mRNA expression of these two genes in thyroid cells. To characterize further the mechanism for TSH upregulation of VEGF and PlGF mRNAs, we examined the eect of the protein synthesis inhibitor cycloheximide (Figure 8b ). In PC Cl 3 cells, the Samples were loaded on SDS/12.5% polyacrylamide gel under reducing conditions. Bands of approximately 21 and 25 kDa, likely corresponding to VEGF 120 and VEGF 164 were speci®cally detected in CM-TSH but not in CM. Position and molecular masses are as follows: carbonic anhydrase, 30 kDa; trypsin inhibitor, 21 kDa increase in VEGF mRNA after 1 h of treatment with TSH was potentiated by cycloheximide (5 mg/ml), which alone had no gross eect on VEGF mRNA. Furthermore, at 5 h, when VEGF mRNA started to decline to basal levels, cycloheximide maintained increased VEGF mRNA levels, suggesting that cycloheximide prevented the degradation of VEGF mRNA (Figure 8b , middle panel). Conversely, cycloheximide treatment dramatically reduced PlGF mRNA upregulation induced by TSH (Figure 8b, upper panel) , suggesting that in the case of PlGF, protein synthesis is necessary for PlGF gene transcription.
The eects of the RNA polymerase inhibitor DRB on the transcription of VEGF and PlGF genes induced by TSH, suggest that TSH is able to stimulate the transcriptional rate of both the VEGF and PlGF genes. However, to determine whether TSH exerts a transcriptional control on VEGF and PlGF genes, we performed run-on transcription assays on nuclei isolated from cultured rat thyrocytes treated with TSH ( Figure 9 ). As shown in the ®gure, PC Cl 3 cells express low basal level of PlGF. However, the transcriptional rate of the PlGF gene increases 7.3-fold after TSH treatment, thus con®rming the experiments performed with DRB, which suggested that TSH may regulate PlGF gene expression by controlling PlGF transcriptional rate. In the case of VEGF, we observed that the increase in the transcriptional rate was only 2.6-fold, suggesting that, in addition to a transcriptional control in the VEGF gene, also post-transcriptional regulatory mechanisms may be involved in the regulation of the VEGF gene expression exerted by TSH. Control experiments (using pGEM 4Z and the plasmid carrying the insert for 18S rRNA) demonstrated that the increase in the hybridization signal observed in the lanes containing plasmids carrying the PlGF and VEGF inserts, hybridized with nuclear RNA extracted from TSH-treated cells compared to untreated cells, was not due to a nonspeci®c eect.
Altogether, these data suggest that the regulation of the expression of the PlGF and VEGF genes induced by TSH in thyroid cells occurs at least in part at the transcriptional level.
Discussion
In patients with Graves's disease or with nontoxic goiters the thyroid gland is dramatically hypervascularized, so that a venous hum is usually heard (Wilson Foster, 1989) . Since PlGF and VEGF have been shown to be chemotractant and mitogenic for EC in vitro, and to elicit angiogenesis in vivo Ferrara and Henzel, 1989; Keck et al., 1989; Maglione et al., 1991; Hauser and Weich, 1993; Sawano et al., 1996; Ziche et al., 1997) , we investigated the role of such angiogenic growth factors in the hypervascularization occurring during goiter development.
In the present study, we demonstrate that the mRNA expression of VEGF and PlGF and their receptors is markedly enhanced, compared to normal thyroid, in a small panel of thyroid goiters from patients with Graves's disease suggesting that hypervascularity in human goiters may result from coordinate PlGF and VEGF secretion by thyrocytes and from enhanced expression of their receptors Flt-1 and Flk-1/KDR by thyroid capillaries.
Hypervascularization of thyroid goiters has been suggested to result from an abnormal constitutive activation of the TSHR pathway, which may occur through several mechanisms: increased pituitary TSH production, increased susceptibility of thyrocytes to TSH induced by iodide de®ciency as in goitrous patients, or chronic stimulation of the TSHR by autoimmune TSAb as in Graves's disease (Wilson and Foster, 1989; Dumont et al., 1992) . By using PTUfed rats as an in vivo model of TSH-dependent thyroid goitrogenesis, we demonstrated that the mRNAs for PlGF and VEGF were coordinately upregulated in a time-dependent manner by increased levels of TSH in the thyroid of PTU-fed rats compared to the thyroid gland of control rats. We also show that the expression of the mRNAs encoding VEGF and PlGF receptors, the tyrosine kinases Flt-1 and Flk-1/KDR, was enhanced 3 ± 8 days after stimulation of the thyroid gland and decreased gradually by day 16. Immunostaining results demonstrated that a higher number of vessels stained positive for Flt-1 and Flk-1/KDR in stimulated thyroid compared to normal thyroid. Increased amounts of Flt-1 and Flk-1/KDR proteins were observed at days 8 ± 16 in thyroid capillaries of PTU-treated rats compared to vessels of normal thyroid in untreated rats. Thus, increased steady-state levels of the mRNAs of Flt-1 and Flk-1/KDR receptors in the thyroid of PTU-fed rats resulted in a higher expression of the corresponding proteins in the endothelium of hyperplastic thyroid in comparison to unstimulated thyroid. Such in vivo data indicated that the increase in the mRNA levels of both growth factors (PlGF and VEGF) and their receptors occurred 3 ± 8 days from the beginning of PTU treatment, thus overlapping with the timing of proliferation of ECs (3 ± 5 days) observed in previous histomorphological studies by Wollman (Wollman et al., 1978; Smeds and Wollman, 1983) . Our results suggest that in response to TSH stimulation, PlGF and VEGF are secreted by thyrocytes, activate their endothelial receptors on thyroid capillaries and stimulate proliferation of blood vessels in a paracrine manner.
Our in vitro results on cultured thyrocytes con®rm the existence of a paracrine communication between follicular cells and thyroid endothelium, and strongly suggest that PlGF may represent an important element of hormone-dependent angiogenesis that occurs in the thyroid gland. PC Cl 3 thyroid cells produce endothelial growth factors in response to TSH, since the conditioned medium collected from TSH-stimulated PC Cl 3 cells acquired a strong mitogenic activity for HUVE endothelial cells. In addition, we provide clear evidences that PlGF may be one of the endothelial growth factors present in the CM-TSH. In fact, TSH treatment of cultured PC Cl 3 thyroid cells induced a time-and dose-dependent up-regulation of both PlGF and VEGF mRNA expression. Furthermore, increased levels of PlGF mRNA were paralleled by an increased amount of 26 ± 28 kDa PlGF protein found in the conditioned medium of TSHtreated PC Cl 3 cells compared to the conditioned medium of untreated PC Cl 3 cells. Finally, the neutralization of the conditioned medium collected by TSH-stimulated PC Cl 3 cells with anti-PlGF antibodies drastically reduced the mitogenic activity exerted by CM-TSH. Altogether these results strongly suggested that at least a part of the mitogenic activity exerted by CM-TSH on endothelial cells was due to the presence of PlGF in the conditioned medium. At present, the regulatory mechanism of PlGF expression in endocrine tissues is poorly understood. We demonstrate that TSH and forskolin induce a signi®cant increase in the expression of PlGF and VEGF mRNA, suggesting that the mRNA expression of both growth factors is regulated by the cAMP-dependent PKA-mediated pathway. TSH-induced upregulation of PlGF and VEGF mRNA expression occurs at the transcriptional level, since the increase in the steadystate level of both genes was suppressed by simultaneous treatment of TSH-stimulated thyrocytes with the RNA polymerase inhibitor DRB. Furthermore, run-on transcriptional assay con®rmed that in cultured rat thyrocytes, TSH-induced regulation of the expression of PlGF and VEGF occur at the transcriptional level.
Time-course studies and experiments with the cycloheximide protein synthesis inhibitor suggested that dierent molecular mechanisms may be involved in the transcriptional regulation of VEGF and PlGF. TSH-induced upregulation of VEGF mRNA occurs as early as 30 min and does not require protein synthesis whereas PlGF expression occurs later and appears to require, in part, protein synthesis. Since TSH modulates cAMP-dependent gene expression by binding to its high-anity TSHR on the thyrocyte cell surface and activating downstream the cAMP-dependent PKA pathway (Yun et al., 1986; Van Sande et al., 1975; Dumont et al., 1992) , we also investigated whether the activation of the PKA-dependent pathway by forskolin exerted some eect on the mRNA expression of PlGF and VEGF. Accordingly, forskolin-stimulated increase in the intracellular cAMP level induced a dose-and time-dependent increase in the VEGF and PlGF mRNA expression, suggesting that the action of TSH on the VEGF and PlGF mRNA level is mediated through the PKA-dependent pathway.
In conclusion, our results suggest a key role for PlGF in the hypervascularization of thyroid goiters. Although previous work has suggested that VEGF produced by thyroid cells in response to TSH and/or Graves's IgGs, might represent the most likely candidate for the angiogenesis factor produced in the thyroid gland (Sato et al., 1995) , our study suggests the existence of a complex interplay between VEGF and PlGF in the stimulation of goiter vascularization. Our in vivo and in vitro ®ndings suggested that the chronic activation of the TSHR pathway (either induced by increased TSH levels or, possibly, by TSH mimicking agents such as Graves's stimulatory IgGs) may trigger and maintain the dramatic hypervascularization observed in experimental and human goiters by coordinately regulating the expression of both the growth factors of the vasculotrophins family (VEGF and PlGF) in thyrocytes and the Flt tyrosine kinase receptor family (Flt-1, Flk-1/KDR) in the thyroid endothelium.
Materials and methods
Tissue samples
Goiter samples were obtained after resection from 7 patients who had undergone surgery at the National Cancer Institute`Fondazione Pascale', Naples, Italy. Bioptic specimens were immediately frozen in liquid nitrogen until RNA extraction was performed. All patients were diagnosed as having Graves's disease.
In vivo studies in thiouracil-fed rats Thirty 8-week-old Fisher rats were fed with rat-chow with low-iodide content. The PTU goitrogen agent was added to the water at a concentration of 2 mg/ml. Thirty 8-week-old Fisher rats fed with normal chow were used as controls. After 1, 3, 8 and 16 days, rats were anesthetized with ether, blood samples taken from jugular vein and sacri®ced by cervical dislocation. TSH, T 3 and T 4 hormones were evaluated by radioimmunoassay using a rat-speci®c kit (Amersham Inc.). The thyroid glands were removed and divided in two equally representative parts: one half was weighed and subsequently frozen in liquid nitrogen until RNA extraction was performed; the other half was ®xed in 4% formaldehyde made from paraformaldehyde for 15 h at 48C, embedded in paran and then processed for immunoperoxidase staining.
RNA extraction and Northern blotting hybridization
Total cellular RNA was isolated from cultured cell lines as previously described (Chomczynski and Sacchi, 1987) . RNA was extracted from frozen specimens by the CsCl cushion method (Chirgwin et al., 1979) with minor modi®cations. Northern blots were performed essentially as described (Sambook et al., 1989) , using nylon Hybond-N membranes (Amersham Inc.), according to the instructions provided by the manufacturer. All cDNA probes were radiolabeled with a random primed synthesis kit (Multi-Prime, Amersham Inc.). Hybridization reactions were performed at 428C, in 50% formamide, 5% Denhardt's, 56SSPE, 0.2% SDS and 100 mg/ml of denatured sonicated salmon sperm DNA, with 2610 6 c.p.m./ml of hybridization solution. Filters were washed at 608C in 26SSC, 0.2% SDS twice for 30 min and subsequently, for the stringent washes, twice for 30 min each in 0.26SSC, 0.1% SDS. Filters were air-dried and exposed to autoradiographic ®lm for 4 days in the case of VEGF probe and 3 days in the case of PlGF probe. The VEGF probe used in this study was a 0.6 Kb EcoRIBamHI fragment speci®c for the human VEGF cDNA. The PlGF probe used in this study was the full-size mouse cDNA (DiPalma et al., 1996) . The Flt-1 and Flk-1/KDR probes used in this study are human cDNAs previously described .
Nuclear RNA isolation
The run-on in vitro assay was used on nuclei isolated from the rat PC Cl 3 thyrocytes. PC Cl 3 cells were grown to semicon¯uence and starved for 48 h in F12 medium supplemented with 0.5% bovine serum albumin (BSA). Exogenous TSH was added to starved PC Cl 3 cells at a dose of 1 mU/ml in F12 with 0.5% BSA. After 24 h of stimulation with TSH, approximately 3610 7 cells were collected by centrifugation at 2000 r.p.m. for 5 min, resuspended in lysis buer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 0.5% NP40) and incubated in ice for 20 min. Nuclei were isolated by centrifugation at 1600 r.p.m., counted and stored in storage buer (50 mM Tris-HCl pH 8.3, 40% (v/v) glycerol, 5 mM MgCl 2 and 0.1 mM EDTA) at a concentration of 10 8 nuclei/ml in liquid nitrogen.
Run-on transcription was performed using 5610 6 nuclei in a reaction buer containing 10 mM Tris-HCl pH 8.0, 300 mM KCl and 5 mM MgCl 2 , and 150 mCi of [ 32 P]UTP incubated for 60 min at 288C. Nuclear RNA was prepared as previously described (Chirgwin et al., 1979) .
Hybridization to immobilized plasmid DNA
Fifteen micrograms of the plasmid pGEM 4Z (Promega Inc.) and of the plasmids carrying human VEGF, mouse PlGF and 18S rRNA, were linearized, denatured with 0.2 N NaOH, neutralized and applied to a slot blot apparatus. Nylon ®lters (Huybond-N, Amersham Inc.) were subsequently ®xed by u.v. irradiation. Hybridization reactions were performed at 428C, in 50% formamide, 5% Denhardt's, 50 mM NaPhosphate pH 7.0, 56SSC, 0.1% SDS and 100 mg/ml of denatured sonicated salmon sperm DNA, and 2.5 mg/ml of pGEM 4Z plasmid, with 5610 6 c.p.m./ml of hybridization solution. Filters were washed at room temperature in 26SSC, 0.2% SDS twice for 30 min and subsequently, for the stringent washes, twice for 30 min each in 26SSC, 0.1% SDS at 608C, and for 30 min at 378C in 10 mg/ml of RNAse in 26SSC. Filters were air-dried and exposed to autoradiographic ®lm for 10 days in the case of pGEM 4Z, and of the PlGF and VEGF probes, and 1 day in the case of 18S rRNA probe.
Cell lines and culture
The rat thyroid cell line PC Cl 3 used in this study is a thyroid epithelial cell line derived from 18-month-old Fisher rats previously described (Fusco et al., 1987) . PC Cl 3 cells were grown in F12 medium (Sigma) suplemented with 5% calf serum (Flow Laboratories) supplemented with a mix of the six hormones (TSH, somatostatin, insulin, growth hormone, glycyl-hystidyl-lysine and transferrin, Sigma). Experiments with PC Cl 3 cells were performed by growing the cells to semicon¯uence and subsequently starving them in serum-free medium supplemented with 0.5% BSA. Bovine TSH (Sigma) or forskolin (Sigma) were diluted at the concentrations indicated in the Results section in serum-free F12 medium supplemented with 0.5% BSA.
The HUVE cells used in this study were derived from fresh umbilical cord and were at passage 4 ± 6 when used. HUVE cells were grown on 0.5% gelatin-treated plates in DMEM medium supplemented with 20% FCS, 70 mg/ml of ECGS (Sigma) and 100 mg/ml of heparin (Sigma).
[ 3 H]thymidine incorporation assay HUVE cells were seeded at a density of 3610 4 in 24-well dishes in DMEM 20% FCS and ECGS. The medium was replaced after 24 h with 10% FCS in DMEM. After 24 h the cells were treated with increasing amounts (10%, 25%, and 50%, vol/vol) of conditioned medium collected either from untreated PC Cl 3 cells (CM) or from 15 h-TSHstimulated PC Cl 3 (CM-TSH), in the presence or absence of the anti-PlGF or of a control antibody (anti-CRIPTO). The stimulation was repeated after 24 h. Subsequently, 0.5 mCi/well of [ 3 H]thymidine was added and the cells incubated overnight at 378C. Cells were then ®xed in 5% TCA at 48C for 5 min, washed with ethanol and lysed with 20 mM NaOH, 1% SDS. Incorporated [ 3 H]thymidine was counted in a liquid scintillation counter. Each experiment was performed three times in duplicate.
Cell proliferation experiments
Cells were seeded in 24-well dishes (1.5610 4 /well). After 24 h, the medium was replaced with DMEM plus 10% FCS containing 0%, 25% and 50% (vol/vol) conditioned medium collected from untreated (CM) or from TSHstimulated PC Cl 3 (CM-TSH), in the presence or absence of 200 ng/ml of anti-PlGF antibody. Control antibodies used were the anti-CRIPTO used at the same concentration. Cell number was determined after 2 and 4 days. Each experiment was performed in quadruplicate for three times.
